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Substrate-Induced Unfolding of Protein Disulfide Isomerase Displaces the
Cholera Toxin A1 Subunit from its Holotoxin
Michael Taylor, Tuhina Banerjee, Supriyo Ray, Helen Burress,
Suren A. Tatulian, Ken Teter.
University of Central Florida, Orlando, FL, USA.
To generate a cytopathic effect, the catalytic A1 subunit of cholera toxin (CT)
must be separated from the rest of the toxin. Protein disulfide isomerase (PDI) is
thought to mediate CT disassembly by acting as a redox-driven chaperone that
actively unfolds the CTA1 subunit. Here, we show by isotope-edited Fourier
transform infrared spectroscopy and circular dichroism that PDI itself unfolds
upon contact with CTA1. The substrate-induced unfolding of PDI provides a
novel molecular mechanism for holotoxin disassembly: we postulate the
expanded hydrodynamic radius of unfolded PDI acts as a wedge to dislodge
reduced CTA1 from its holotoxin. The oxidoreductase activity of PDI was
not required for CT disassembly, but CTA1 displacement did not occur when
PDI was locked in a folded conformation or when its substrate-induced unfold-
ing was blocked due to the loss of chaperone function. Our data establish a new
property of PDI that is required for cholera intoxication and may be linked to its
function as a chaperone that prevents protein aggregation.
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Positively Charged Redox Agents Accelerate Disulfide Coupled Protein
Folding
Takeyoshi Nakanishi1, Masaki Okumura2, Shigeru Shimamoto1,
Yuji Hidaka1.
1Kinki University, Higashi-osaka, Japan, 2Tohoku University, Sendai, Japan.
Multi disulfide-containing-proteins are folded into the native conformations by
the assistance of redox molecules, such as glutathione and cysteine in vivo.
Because of this, the glutathione redox system is also generally used in in vitro
folding. However, in vitro disulfide-coupled protein folding is often problem-
atic since the folding intermediates are sometimes prone to aggregation. Partic-
ularly, mis-bridged disulfide isomers that possess relatively long half-lives
expose their hydrophobic surfaces to solvents, resulting in non-specific aggre-
gation during folding. In this study, to overcome this issue and investigate the
mechanism of disulfide-coupled protein folding, a series of thiol reagents was
prepared and their ability to regulate the folding of disulfide-containing pro-
teins was examined.We recently reported that Arg-Cys-Gly (RCG) accelerated
the folding of disulfide-containing-proteins and proposed that positively-
charged redox reagents are effective in promoting disulfide-coupled protein
folding. However, the mechanism of folding reaction involved in the formation
of the cross disulfide species during folding remains to be studied in detail.
Therefore, to clarify the disulfide shuffling mechanism of the cross disulfide
species, we focused on the positive charge and steric hindrance of the thiol re-
agents. Lysozyme (4 disulfides) and prourogunaylin (3 disulfides) were used as
model proteins to investigate the folding ability of the series of thiol reagents.
The reduced/denatured proteins were folded in the presence of 2-aminoethane-
thiol (charge: þ1), 2-mercaptoethanol (0), or 3-mercaptopropionic acid (1).
Among the reagents tested, 2-aminoethanethiol was superior for enhancing
the folding reaction, indicating that the positive charge is effective for
disulfide-coupled protein folding. The hydrophobicity and steric hindrance of
the thiol reagents were also discussed for the folding reaction of lysozyme
and purouroguanylin. The results will be discussed in this paper.
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Regulation of Disulfide Coupled Folding of De Novo Designed Precursor
Protein
Shiori Fukumoto1, Yuichiro Yoshida1, Takuma Maekawa2,
Masaki Okumura3, Hiroshi Yamaguchi2, Shigeru Shimamoto1, Yuji Hidaka1.
1Kinki University, Higashi-osaka, Japan, 2Kwansei Gakuin University,
Sanda, Japan, 3Tohoku University, Sendai, Japan.
Uroguanylin, a peptide consisting of 16 amino acid residues and 2 disulfide
bonds, participates in salt and water homeostasis in mammals and the correct
disulfide pairings are absolutely required for its biological activity. However,
uroguanylin is not able to fold into its native conformation by itself, and its
disulfide-coupled folding is mediated by the pro-peptide region in the precursor
protein. Thus, the pro-peptide region of uroguanylin serves as an intra-
molecular chaperone.
We previously proposed that a relationship existed between the partial folding
of the bioactive conformation of the mature peptide hormone and the disulfide-
coupled folding of the precursor protein. X-ray crystallography data for prour-
oguanylin revealed that the Asp72 interacts with the receptor-binding site
(Asn79-Val80-Ala81). This implies that the Asp72 residue plays an important
role in the folding of prouroguanylin by stabilizing the bioactive site. To
address this issue, we studied the roles of the Asp72 residue in precursor pro-teins, prouroguanylin and a de novo designed protein (pro-NDD-hybrid
protein).
To investigate the role of hydrogen bonding between the Asp72 and Asn79 res-
idue for the precursor folding, a series of mutant proteins was prepared using an
E. coli expression system and the folding of these molecules was examined us-
ing the typical glutathione redox system.
The replacement of the Asp72 residue with Gly had no effect on the folding of
prouroguanylin but dramatically influenced the folding of the pro-NDD-hybrid
protein. The results revealed that the Asp72 residue is important in stabilizing
the native conformation. Thus the Asp72 residue plays an important role in the
intra-molecular chaperone function of the pro-peptide region. Furthermore, to
evaluate the role of the Asp72 residue in in vivo folding, mutant proteins were
also expressed in human 293T cells. The results will be discussed in this paper.
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Revisiting Structural Hieracrchy: A Fluorescence Investigation of Unfold-
ing of an Oligomeric Protein
Aritra Chowdhury1, Aparajita Choudhury2, Victor Banerjee3,
Rajat Banerjee2, Kali Pada Das3.
1University of Manchester, Manchester, United Kingdom, 2GCGEB,
University of Calcutta, Kolkata, India, 3Bose Institute, Kolkata, India.
a-crystallin is a multimeric lens protein with chaperone-like function and is
responsible for maintaining lens transparency. The structural stability and
unfolding-refolding properties of this protein are believed to be important for
its function. We undertook a multi-probe based fluorescence approach to
explore the changes in the various levels of organization of a-crystallin at
different urea concentration region. Steady-state fluorescence emission and
quenching studies using extrinsic and intrinsic fluorescence probes reveal
that at 0.6 M urea a compact structural intermediate is formed which has a
native-like secondary structure with minimal yet detectable tertiary structure
perturbation associated with enhanced surface exposure of hydrophobic groups,
possibly arising from interfacial structure meltdown. At 2.8 M urea the tertiary
interactions undergo almost complete collapse with partial disintegration of
secondary and quaternary structure. Investigation of surface solvation with
picosecond resolved fluorescence transients of acrylodan covalently tagged
to a-crystallin reveals a dry native-like core of a-crystallin at 0.6 M urea
compared to enhanced water penetration at 2.8 M urea and extensive solvation
at 6 M urea. Temperature dependent subunit exchange kinetics reveal decrease
of activation energy for the subunit exchange process by 22 kJ mol-1 on chang-
ing urea concentration from 0 to 0.6 M compared to over 75 kJ mol-1 on chang-
ing urea concentration from 0 to 2.8 M. Dynamic light scattering study
indicates swelling at 0.6 M urea, however oligomerization is retained as
observed from sedimentation equilibrium experiment. At 2.8 M urea the olig-
omeric size is reduced and a monomer is produced at 6 M urea. These data
clearly demonstrates that tertiary structure dissolution precedes oligomeric
degradation. Such non-hierarchical structure dissolution indicates the possibil-
ity of tertiary contact formation to be a rather later folding event in case of large
oligomeric proteins likes a-Crystallin.
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Knotting a Protein in Explicit Solvent
Joanna I. Sulkowska1, Jeffrey K. Noel2, Jose´ N. Onuchic2.
1Chemistry, University of Warsaw, Warsaw, Poland, 2Center for Theoretical
Biological Physics, Rice University, Houston, TX, USA.
Today it is well accepted that knotted proteins exist, however it is not known
why such structures exist and what is function of knots. Knots in proteins
behave in different why than commonly known knots in polymers and
constantly surprise experimentalists and theoreticians. So far it has been shown
experimentally only for two proteins that they can self tie, however folding
mechanism is not understood. Moreover currently we do not even know how
to untie proteins. Some light can be shed on these puzzles by structure based
model (SBM), which were very successful in the case of "ordinary" proteins.
In our previous works we shown that for some proteins folding into knots in-
volves threading the protein terminal across a twisted loop via a slipknot
configuration (as in shoelaces).
Here we report for the first time unbiased explicit-solvent simulations of the
knotting dynamics of a protein. In simulations totalling 40 ms with the Am-
ber99sb forcefield, we have found that five out of fifteen simulations reach
the knotted native state when started from unknotted, slipknotted intermediates.
Comparison of explicit-solvent to structure-based simulations shows that
similar native contacts are responsible for threading the slipknot through the
loop, however competition between native and non-native salt bridges during
threading results in increased energetic roughness.
These results, firstly, support the existence of an underlying free energy bias
able to overcome the entropically-unfavorable constraints of the C-terminus
Tuesday, February 18, 2014 473aduring slipknotting. Secondly, show that SBM can be used as a tool to guide
experiments to untie a knot and to explore the function of protein knots.
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The Molten Globule State of Maltose Binding Protein: DEER Measure-
ments at PH 3
Mohammed Chakour1, Jo¨rg Reichenwallner1,2, Benjamin Selmke1,
Chen Chen1, Sandra Theison1, Rusha Chakraborthy3, S. Indu4,
Rhagavan Varadarajan4, Dariush Hinderberger2, Wolfgang E. Trommer1.
1Kaiserslautern Technical University, Kaiserslautern, Germany, 2Max Planck
Institute for Polymer Research, Mainz, Germany, 3MBU, Indian Institute of
Sciences, Bangalore, India, 4MBU, Indian Institute of Science, Bangalore,
India.
Maltose-binding protein (MBP) is in a molten globule state at pH 3 as charac-
terized by ANS binding. DEER measurements of seven spin-labeled double
mutants as in the native state at pH 7 had shown excellent agreement with
X-ray data. At pH 3 corresponding DEER measurements of all the mutants
yield a broad distribution of distances. This was to be expected if there is no
defined tertiary structure and the individual helices pointing into all possible di-
rections. However, as MBP still binds maltose as molten globule although more
weakly, the native structure must be retained at or near the active site. This is
now being investigated with a new set of mutants.
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Conformational Dynamics of a Fast Folding Cytochrome Captured by
Time-Resolved Spectroscopy
Nicole Bouley Ford1, Dong Woo Shin2, Harry B. Gray2, Jay R. Winkler2.
1Institute for Neurodegenerative Diseases, UCSF, Pacifica, CA, USA,
2Caltech, Pasadena, CA, USA.
We probe intrachain contact dynamics in unfolded cytochrome cb562 by moni-
toring heme quenching of excited ruthenium photosensitizers covalently bound
to residues along the polypeptide. Tertiary contact formation kinetics provide
insight into the upper "speed limit" for protein folding rates. The rate constants
exhibit a power-law dependence on the number of peptide bonds between the
heme and Ru complex. Adherence of our data to a slope of 1.5 is consistent
with theoretical models for ideal, freely-jointed Gaussian chain polymers, but its
magnitude is smaller than reported for synthetic polypeptides. We also examine
rates of contact formation within a stable loop in a His63-heme ligated form





(trFRET) to a continuous
flow microfluidic mixer to
obtain intramolecular dis-
tance distributions through-
out the folding process. Our
results suggest that cyto-
chrome cb562 is minimally
frustrated.
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Roles of Hydrophobic Interactions and Hydrogen Bonds in Beta-Sheet
Formation
Cristiano L. Dias.
Physics, New Jersey Institute of Technology, Newark, NJ, USA.
In this presentation, we will discuss interactions of extended conformations of
homodimeric peptides made of small (glycine or alanine) and large hydropho-
bic (valine or leucine) sidechains using all-atom computer simulations to deci-
pher driving forces behind beta-sheet formation. Dimers adopt beta-sheet
conformations at short inter-peptide distances (x ~ 0.5 nm) while at interme-
diate distances (~ 0.8 nm), dimers made of valine or leucine assume ‘‘cross-
beta like’’ conformations with sidechains interpenetrating each other. These
two states are identified as minima in the Potential of Mean Force (PMF).
While the number of inter-peptide hydrogen bonds increases with decreasing
inter-peptide distance, the total hydrogen bond number in the system does not
change significantly, suggesting that formation of beta-sheet structures from
extended conformations is not driven by hydrogen bonds. This is confirmed
by an increase in electrostatic energy at short inter-peptide distances. A
remarkable correlation between the volume of the system and the total elec-
trostatic energy is observed, supporting the view that excluded water regions
in proteins have an enthalpic penalty. We will also discuss microscopic mech-
anisms accounting for beta-sheet formation based on computed enthalpy and
entropy and we will show that they are different for peptides with small and
large sidechains.2392-Pos Board B84
The Analysis of the Conservation of Folding Cores Among Highly Diverse
Proteins in the Lysozyme Superfamily
Michirou Kabata, Takeshi Kikuchi.
Ritsumeikan University, Kusatsu, Japan.
For understanding a protein folding mechanism it is important to know whether
folding mechanisms of evolutionary related proteins are conserved during bio-
logical evolution. However, the relationships between evolution of proteins and
protein folding mechanisms are not completely elucidated. How the informa-
tion of folding mechanisms reflects on amino acid sequences is an unsolved
problem. The trace of this information of an ancestral protein during sequence
divergence should be found on a sequence. In the lysozyme superfamily the
structural similarity suggests they have a common ancestor despite their low
sequence similarity. In this study, we analyze the folding mechanism of each
protein in the lysozyme superfamily only from their amino acid sequences
by means of the inter-residue average distance statistics. In these analyses
we predict possible folding initiation sites as predicted folding core by
analyzing contact maps based on the statistics. If the distributions of predicted
folding cores among homologous proteins are similar, homologous proteins
have robust folding cores not altered by amino acid substitutions. Multiple
sequence alignment is used to check the existence of robust folding cores in
each family of lysozyme whose sequences are not so diverged. Structural align-
ment is also used to investigate the correspondence of robust folding cores to
common structural units among highly diverged sequences in the lysozyme su-
perfamily. From the comparison of robust folding cores corresponding to struc-
turally similar regions, we examine the existence of robust folding cores among
distantly related proteins. The results suggest that predicted robust folding
cores in closely related sequences of each family of lysozyme tend to corre-
spond to common structural units. Thus it is indicated the existence of robust
folding cores among the lysozyme superfamily although they lost sequence
homology.
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Coiled-Coil Probes Capture Mechanical Unfolding Pathways of Individual
Proteins
Qing Li, Piotr E. Marszalek.
MEMS, Duke University, Durham, NC, USA.
Force-induced unfolding of a consensus ankyrin repeat protein NI6C was sug-
gested to follow a vectorial pathway from the C to the N terminus. We further
test this vectorial unfolding hypothesis by introducing, at the gene level, a 70
amino acid coiled-coil (CC) polypeptide probe at different positions along
the NI10C sequence and determine the unfolding force extension data of the
hybrid proteins with single-molecule atomic force spectroscopy (AFM). The
basic idea assumes that the coiled-coil folds independently of the host protein
and does not significantly disturb its structure, and that the occurrence and the
position of the CC unfolding force peak is indicative of the progress of the un-
folding process past the location of the CC probe. First, AFM measurements of
the CC probe flanked by I27 domains captured a single ~35pN unfolding peak
characteristic of the unzipping of the coiled-coil. Second, the unfolding force-
extension data of the NI8CCI2C hybrid indicated that the unfolding of the CC
occurs early in the unfolding process, consistent with the unfolding starting at
the C terminus. Third, the force-extension data of the NI4CCI6C indicate that
the unfolding of the CC occurs late during the unfolding process, corroborating
our vectorial unfolding hypothesis. More generally, our studies suggest that
coiled-coil probes maybe very useful to examine mechanical unfolding path-
ways of many proteins, including large proteins that are rarely studied in
bulk folding measurements.Protein-Ligand Interactions and Enzymes
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Isomerization and Autolysis at Specific Amino Acid Residues of the Tau
Protein and its Relations to Alzheimer’s Disease
Madeleine Lu1, Thomas A. Shaler2.
1St. Mary’s University, San Antonio, TX, USA, 2Molecular Physics
Department, SRI International, Menlo Park, CA, USA.
Alzheimer’s Disease is the most common form of dementia that more than 5
million Americans are suffering from. With no known cure and no known
cause, it is an urgent matter that researcher’s are desperately attempting to
tackle. Alzheimer’s disease is clinically characterized by memory loss and
histopathologically characterized by the high prevalence of amyloid plaques
and neurofibrillary tangles (tau tangles). In a healthy brain, the tau protein
performs the role of stabilizing microtubules in healthy neurons. However,
due to their long turn-over rates, they are susceptible to many
